This paper presents the results of investigations carried out with Pr-based magnetic powders. The magnetically hard powders were produced from homogenised alloys using a high temperature hydrogen pulverization process. Alloys and powders were investigated by scanning electron microscopy and by energy dispersive X-ray analysis. Mean crystallite size of the pulverized material was estimated using synchrotron powder diffractometry and the Scherrer method. A comparison between these two investigation techniques has been carried out. The effects of copper on the properties of the magnetic powders have been studied. It has been shown that the addition of this alloying element had a marked effect on the microstructure of the powders.
Introduction
Anisotropic and isotropic magnetic powders have been produced successfully with REFeB-type alloys using hydrogen processing (examples in [1] - [9] ). Typical Nd 12.5 Fe 76.1 Co 5.5 B 5.9 bonded magnets have shown remanence (B r ) of 0.62 T and coercivity ( i H c ) of 1.15 T [3] . In these magnets, addition of Ga and Zr resulted in anisotropic powders. Bonded Nd 12.6 Fe 69. 4 Co 11.5 B 6 Ga 0.5 magnets showed B r values of 0.89 T and i H c of about 1.33 T [4] . Addition of Zr to these materials induced even higher i H c (1.38 T) [5] . Pr-based powders have also been produced via this process [9] . B r of about 0.67 T and i H c of 0.69 T were reported for a Pr 13 Fe 81 B 6 powder [7] . Additions of Co, Nb and Zr also led to the development of optimum anisotropic magnetic properties in PrFeB-based powders. It has been shown that powders based on the composition Pr 13.7 Fe 63.5 Co 16.7 B 6 M 0.1 (M = Zr or Nb), with good B r and reasonable i H c (~1 T), can be produced by this process [9] . However, Ga additions to Pr-based bonded magnets induced anisotropy, but with reduced i H c . A magnetic powder based on the alloy Pr 13 Fe 68.9 Co 24 B 6 Ga 1 Zr 0.1 was reported to have B r of 0.98 T with i H c of only 0.48 T [8] .
A number of variables affect the hydrogen pulverization process [9] and, therefore, it is easier to use processing conditions that have yielded good results in the past and then seek the alloying element that imparts the best properties. The hydrogen treatment used for the Pr-based alloys [9] is very convenient because it uses a moderate temperature and a relatively low hydrogen pressure and finding an alloying element that induces high anisotropy or high i H c is considered to be very important. Copper has always been associated with good magnetic properties in cast and hot-pressed Pr-Fe-B-based permanent magnets [10] . Grain refinement in the cast alloys and improvement of hot-workability have also been attributed to this element [11] . Furthermore, Cu has induced high i H c in sintered Pr-based magnets [12] . In this study, copper alloying has been used to change the magnetic properties and microstructures of Pr-based materials. The alloys are represented by the formulae: Pr 14 6 Nb 0.1 Cu 0.1 . These materials were investigated by scanning electron microscopy (SEM) and X-ray diffraction (XRD) using synchrotron radiation. The main advantage of synchrotron diffractometry is the monochromatic radiation with a higher peak definition when compared to conventional XRD. A comparison between these two characterization methods has been carried out. Attempts have also been made to correlate the magnetic properties with the powder microstructures.
Experimental Procedures
Two commercial alloys were used in this investigation. The chemical analyses of the as-cast alloys are given in Table 1 . As per the supplier's specification, the alloys contained neodymium (0.2 -0.7 wt%), aluminium (0.02 -0.2 wt%) and silicon (0.01 -0.04 wt%) as impurities. The procedure used to prepare the magnetic powder and bonded magnet has been described in details in a previous work [9] . In this work the powders were isostatically pressed and consolidated by immersion (vacuum impregnated) in low viscosity cyanoacrylate adhesive at 70˚C to form permanent magnets. Magnetic characterization was carried out using a permeameter (accuracy: 2%) after saturation in a pulsed field of 6 T. B r values have been normalized assuming 100% density (7.5 g•cm −3 ) for the sample and considering a linear relationship between density and B r [9] .
The microstructures of the pulverized material were examined in a (Philips XL 30) scanning electron microscope fitted with energy dispersive X-ray analysis (EDX). Data obtained from analysing three regions ~100 μm 2 of each phase for count times of 120 s were averaged to improve detection of Cu in the matrix phase. Boron could not be analyzed by EDX.
In order to estimate the mean crystallites size of the pulverized material X-ray diffraction was employed. X-ray was yielded in a synchrotron beam with a tuned wavelength of 2.2912 Å by a double-crystal monochromator. The diffractometer used a parallel geometry (slits: 3 mm for scattering and 1 mm for receiving) with a 1 m radius goniometer. Measurements of the instrumental widening were carried out employing an Al 2 O 3 standard.
Step-scanning was carried out at a rate of 0.01 degree per step and the time base was normalized to incident beam monitor counts. Hydrogenated samples were crushed with a mortar and pestle in air, such that all the material passed through a ≤48 μm sieve. In this study, the (212) and (411) reflections were employed since they have strong relative intensity (I/I o ) and are not close to other reflections. The mean crystallite size has been estimated by the Scherrer method using the expression:
where: K it is a constant which depend of the crystal morphology, whether K = 1 the mean crystallite size error approaches ±10% [13] ; D is the mean crystallite size; λ is the wavelength; B is difference between angle at the full-width at half-maximum (FWHM) of the XRD peak and; θ B is the angle where the peak intensity is maximum.
Results and Discussion
Back-scattered electron images of the as-cast and annealed Pr-based alloys are shown in Figure 1 and Figure 2 . It can be seen clearly that annealing at 1100˚C for 20 h was quite effective in homogenizing the alloys. The dark phase (FeCo) was completely eliminated from the interior of the φ or matrix phase grains (dark grey phase). The grain boundary phases present in the as-cast alloys, Pr 3 (FeCo) and Pr(FeCo) 2 , have also been detected and reported in a previous study [14] . Table 2 summarizes the magnetic properties and density of all the Pr-based bonded magnets prepared using these alloys in the annealed condition. The secondary electron image of the Pr 14 Fe bal Co 16 B 6 Nb 0.1 powder that yielded magnets with enhanced B r is shown in Figure 3(a) . The grain size of the magnetic material prepared with this alloy varied roughly from 0. Figure 3(b) . The grain size of the magnetic material prepared with this copper-containing alloy varied approximately from 1 to around 2 μm. This is consistent to the diminished i H c found with this material. The fracture surface of the Pr 14 Fe bal Co 16 B 6 Nb 0.1 Cu 0.1 pulverized material exhibited a very distinct secondary electron image compared to that of Cu-free material (very different grain structure and size). Among several addition elements that have been investigated, Cu showed the lowest eutectic temperature when combined with Pr (461˚C) [17] . Grain refinement in cast PrFeBCu-type alloy has been attributed to this element [18] but this has not been observed in the cast or annealed PrFeCoBNbCu alloys (comparison in Figure 1 and Figure 2) , although in this investigation Cu had a substantial effect on the pulverized material. At first glance, it might be thought that the eutectic Cu-Pr phase with a low melting point would interfere on the hydrogen process at high temperature (~860˚C). In this process, Pr elements should be tied up with hydrogen after completion of the hydrogenation-disproportionation stage. Therefore, the eutectic Pr-Cu phase may not be present to interfere on the hydrogen processing, at least, in a direct way. B r , on the other hand, is affected by the crystallographic alignment of the magnetically hard matrix phase grains. Local microtextural analysis using electron backscattered diffraction (EBSD) was carried out successfully on the sintered NdFeB magnets [19] . Attempts to use this technique on individual grains of the magnetic powder prepared in this investigation have been unsuccessful so far. Hence, the B r value is still the best indicator of anisotropy in the bonded magnets. This property of a magnet depends directly on the volume fraction (f) and saturation polarization (I s ) of the hard magnetic phase (φ), as well as on the degree of easy-axis alignment of the single crystals φ grains (<cosθ>) and magnet density. In the bonded magnets studied here, the volume fraction can be regarded as a constant, considering that the amount of element added is extremely low (0.1 at%). The packing factor (P = magnet density/theoretical density) for an ideal magnet is unity and in this investigation it has been normalized to this maximum value. Again, since the amount of element added is negligible, the spontaneous polarization of the Co-containing matrix phase can also be regarded as a constant. The degree of texture of the bonded magnets is also influenced by a possibility of inclusion of multigrain particles in the powders or not. Figure 4 and Figure 5 show the (212) and (411) peaks analyzed to determine the mean crystallite size using the Scherrer method and synchrotron radiation. The mean crystallite size of the magnetic powder prepared with the two alloys varies from 0.62 μm to 0.81 μm (error ± 10%). This range is more than two fold the well accepted value (0.3 μm) for Nd-based HDDR material and might explain the slightly lower i H c observed in the Pr-based magnets. It is worth noting that the FWHM method gives only a rough estimate of the mean crystallite size. The XRD result for the magnetic material showed no significant contrast in the mean crystallite size with the presence of Cu in the alloy as the SEM observation of grain size and structure shown previously in Figure 3(a) and Figure 3(b) . In the Scherrer method, mean crystallite size will be detected and it is likely that the result represented the average crystallite inside of the matrix phase grains. The XRD pattern shown in Figure 6 is typical for the magnetic material prepared with the Pr 14 It is well established that each particular composition requires its own set of processing parameters as the thermodynamic stability and microstructure of the parent compound is modified in a specific manner by the addition of a certain element. Cu addition affected slightly B r or degree of alignment. The "memory-cell" model suggests that nano-scale regions of the matrix phase containing the element that was added remained unaffected by the disproportionation reaction and act as nucleation sites during recombination [5] [20] [21] . Nevertheless, it is also known that anisotropy can be achieved by appropriate processing and for 2-14-1 compounds, without the addition of dopants. For Pr-based alloys (Pr 13.7 Fe 63.5 Co 16.7 B 6 Zr 0.1 and Pr 13.7 Fe 80.3 B 6 ), it has been reported that the role of the Co and Zr additives is not primarily the stabilization of the 2-14-1 matrix phase against disproportionation but more importantly the stabilization of intermediate boride phases after disproportionation which could lead to an effective inducement of texture on recombination [22] [23] .
It was reported that when Cu is added to REFeB-type alloys, it remains preferentially in the grain boundaries as a low melting point eutectic mixture with the rare earth [24] . Further, in Cu-containing magnets, the Cu content in the Pr 2 Fe 14 B matrix phase has been found to be negligible [24] or has not been observed in the matrix phase of Nd-based materials [25] . It has been reported that the solubility of Cu in the Nd 2 Fe 14 B is below the res- olution of EDX and is about 1 at% in the Nd-rich phase [26] . It might be thought that a matrix phase with few Cu nucleation centers would not maintain the c-axis orientation of the original large φ grain and would therefore yield an isotropic material. According to the previous studies [2] [9], this should not be the case because the present Pr-based alloy contains 16 atomic percent Co, which serves as the principal element to induce texture in the hydrogen processing. On the other hand, if a minimal amount of Cu inside the matrix phase were to provide sufficient nucleation sites, then there would not be sufficient thermodynamic stability to avoid the disproportionation reaction of the matrix phase. This also might not be the case for the present PrFeCoBNbM magnets since Cu is present in the matrix phase of the Pr 14 Fe bal Co 16 B 6 Nb 0.1 Cu 0.1 alloy in about 0.3 at% (because B could not be determined by EDX analysis the Cu content should be higher than this value [27] ). If the base alloys did not contain other elements than the principal elements (Pr, Fe and B), the latter argument on the effects of very small amount of Cu addition might have sense, but the effects of Cu in such a small amount should be over-whelmed by the effects of Co and also by Pr. Previous work has shown that increase in Nb content from 0.1 to 0.5 at% decreases the B r of the magnets [28] . Increases in the amount of Cu to 0.5 at% also decreased the B r of the magnets prepared in this investigation. In this case, Cu content, also determined by EDX, in the alloy matrix phase were slightly higher. This indicates that only small amounts of these elements are necessary to induce anisotropy, or the right amount of alloying addition is necessary for achieving high anisotropy. It is possible that the addition of large amounts of any element will create a large number of non-disproportionated regions and dilute the matrix phase with the appearance of new phases. The effect of Ti, V, Cr, Mo, Al, Si and P additions on the magnetic properties of bonded magnets have also been reported previously [29] .
Conclusions
The mean crystallite size determined using synchrotron diffractometry and the Scherrer method were consistent for both (212) and (411) reflections. No significant difference has been found in the mean crystallite size with Cu addition with this method. For both alloys the mean crystallite size of the magnetic powder estimated by this method varied from 0.62 ± 0.06 μm to 0.81 ± 0.08 μm. Scanning electron microscopy clearly showed a distinct variation on the grain structure and size with Cu addition. Typical secondary electron images of the Pr 14 Fe bal Co 16 B 6 Nb 0.1 magnetic powder, that yielded bonded magnets with good magnetic properties, were quite distinct to that of the Pr 14 Fe bal Co 16 B 6 Nb 0.1 Cu 0.1 material. It has been also shown that the i H c of the Pr-based magnets decreased considerably with Cu addition and this addition yielded larger φ grains. It has been inferred that the effect of such a small amount of Cu should not be that of thermodynamics but might be a kinetic effect localized in the vicinity of the reaction front. In the Cu-free powder the φ grains should be constituted by one crystallite whereas in the Cu-containing two crystallites could be inside the φ grains. Scanning electron microscopy and synchrotron diffractometry can be complementary in investigations of high temperature hydrogen processed magnetic powders. The former is appropriate for grain morphology (structure/size) and the latter for estimation of the mean crystallite size inside the grains.
